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We studied spin-dependent conductance in a normal metal (NM)/NM junction with Dresselhaus
spin-orbit coupling (DSOC) and magnetization along the out-of-plane direction. As a reference, we
also studied the spin-dependent conductance in such a junction with Rashba spin-orbit coupling
(RSOC). Using a standard scattering method, we calculated the gate-voltage dependence of the
spin-dependent conductances in DSOC and RSOC. In addition, we calculated the gate-voltage de-
pendence of the conductances in a ferromagnetic metal (FM)/NM junction with spin-orbit coupling
and magnetization, which we call ferromagnetic spin-orbit metal (FSOM). From these results, we
discuss the relation between these conductance in the presence of DSOC and that in the presence
of RSOC. We found that conductance in DSOC is the same as that in RSOC for the NM/FSOM
junction. In addition, we found that in the FM/FSOM junction, the conductance in DSOC is the
same as that in RSOC.
I. INTRODUCTION
Spin-dependent transport is a key issue in the context
of spintronics. Recently, various spin-dependent trans-
ports in the presence of spin-orbit couplings (SOCs) have
been discussed. Among the spin-dependent transports
due to the SOCs, Rashba and Dresselhaus spin-orbit
coupling (RSOC and DSOC, respectively) have been in-
triguingly studied1–20. RSOC and DSOC are caused by
the structural and bulk inversion symmetry breaking,
respectively21–25.
In the context of charge transport in a diffusive regime,
the transport as well as electromagnetic effects (e.g.,
Edelstein effect) in the presence of RSOC have been stud-
ied so far26 and it depends on the spin textures: The spin
texture at the Fermi surface in the momentum space,
as shown in Fig. 1, is shifted by the applied electric
field; this shift is proportional to the electric field and the
transport relaxation time of the diffusive regime. Hence,
the spin polarization is generated by the applied electric
field and its polarization is perpendicular (parallel) to the
applied electric field in the presence of RSOC (DSOC).
FIG. 1. (Color online) Illustration of the spin texture (red
arrows) of the (a) Rashba and (b) linear Dresselhaus-type
spin-orbit coupling.
In the context of a ballistic regime, spin-dependent
tunneling conductance has been studied in two-
dimensional systems1–3,5,7,8,10–18,20,27–34. For exam-
ple, the spin-dependent conductance (e.g., magnetoresis-
tance) depends on the RSOC spin texture, which is dis-
cussed in the surface state of a three-dimensional topolog-
ical insulator with magnetism. However, the charge con-
ductivity is not largely influenced by the spin textures,
for example, in a normal metal (NM)/NM junction with
RSOC and magnetization20. In this system, although
such an NM with RSOC and magnetism has three types
of spin textures depending on the Fermi level, the charge
conductance could be independent of the spin texture of
the RSOC.
It is a natural to ask whether the charge conductance
is independent of the structure of the spin texture and
how the spin-dependent conductance depends on the spin
texture in the ballistic regime in the presence of DSOC. In
this work, in order to address this question, we studied
the relation between the conductance and spin texture
in an NM/NM junction with DSOC and magnetism. In
this paper, for simplicity, we call an NM with SOC and
magnetism a ferromagnetic spin-orbit metal (FSOM). We
calculated the charge and spin-dependent conductance
when the spin textures of the FSOM depend on the Fermi
level, which is tuned by an applied gate voltage in the
NM/FSOM junction, as shown in Fig. 2. As a result,
we show the relation between these conductances in the
FIG. 2. Illustration of a two-dimensional NM (FM)/FSOM
junction, where the FSOM has RSOC or DSOC and magneti-
zation. The magnetization is along the out-of-plane direction.
The Fermi level as well as the spin texture of the FSOM is
changed by an applied gate voltage Vg. A bias voltage (V) is
applied on the NM (FM).
2DSOC and those in the RSOC. Furthermore, the spin-
dependent conductance is discussed in a ferromagnetic
metal (FM)/FSOM junction. We found that the charge
conductance in the DSOC is the same as that in the
RSOC for the NM/FSOM junction. The spin-dependent
conductance in the DSOC is different from that in the
RSOC, but there are some relations between them.
The organization of this paper is as follows. In Sect. II,
we describe the model and our obtained results. In Sect.
III, we discussed the results through the transformation.
In Sect. IV, we summarize the obtained results.
II. MODEL AND RESULTS
A. Model
We first consider a two-dimensional NM/FSOM junc-
tion as illustrated in Fig. 2, where the RSOC or DSOC
of the FSOM is induced by the structural or bulk in-
version symmetry breaking. A bias voltage V (to drive
charge along the x direction) and a gate voltage Vg (to
change the Fermi level in the FSOM35) are applied on
the NM and FSOM, respectively. The tunneling barrier
at the interface is assumed to be a delta function13,15,32
for conservation of the y component of the momentum.
We also assume the case where the width of the junction
along the y direction is sufficiently large.
The model Hamiltonian of the NM/FSOM junction
can be described as3,15,20,21,36
H = HLθ(−x) +Uδ(x) + HRθ(x), (1)
HL =
~
2k2
2mL
,
HR =
~
2k2
2mR
+ HSOC − MRσz + eVg,
where HL (HR) is the Hamiltonian in the NM (FSOM).
Here, θ and δ are the Heaviside step function and delta
function, respectively. The first term in Eq. (1) denotes
the kinetic energy, k2 = k2x + k
2
y , and mL(mR) is the effec-
tive mass of the electron in the NM (FSOM). The second
term in HR denotes the SOCs
23,25:
HSOC =
{
α(kxσy − kyσx) (RSOC),
β(kxσx − kyσy) + o(k3) (DSOC),
(2)
where σ = (σx, σy, σz) are Pauli matrices in the spin
space. α and β are a coupling constant of the RSOC
and DSOC, respectively. Here, we consider the linear
DSOC, neglecting a term proportional to k3. The third
term in HR, MRσz , denotes the exchange coupling of the
magnetization, which is along the out-of-plane direction.
eVg(≥ 0) is a potential caused by the gate voltage. The
third term in Eq. (1), Uδ(x), indicates the tunneling
barrier, where U is the strength of the tunneling barrier.
B. Transmission probability in an NM/FSOM
junction
Using a standard method, we calculated the angle-
resolved transmission probability T
γ,s
A=R,D
(φ), where φ is
an injection angle from the NM into the FSOM; it is de-
fined as an angle between the wave vector of the injection
wave and the x-axis. Here, the superscript s(=↑, ↓) de-
notes the up- and down-spin along the spin polarization
γ(= x, y, z) in the NM. The subscript A(= R,D) indicates
the SOC (RSOC or DSOC). The detail of the derivation
of T
γ,s
A
is shown in the Appendix A. The transmission
probability Tγ,s=↑,↓
A
is given by
Tγ,s=↑,↓
A
=
1
2pi
∫ pi
2
− pi
2
dφkF cos φ · Tγ,sA (φ), (3)
where kF =
√
2mEF/~ is the Fermi momentum in the
NM. Tγ,s
A
and Tγ,↑
A
+ Tγ,↓
A
are proportional to the spin-
dependent conductance and the charge conductance, re-
spectively (see Appendix A). It is found that at α = β,
the energy dispersion of the FSOM of the RSOC is the
same as the energy dispersion of the DSOC, but the spin
texture of the RSOC is different from that of the DSOC
(see Fig. 1). In order to show the relation between the
conductances (i.e. transmission probabilities) and these
spin textures, we simply set α = β > 0, MR ≥ 0, and
mL = mR ≡ m.
Fig. 3 shows the Vg dependence of Tγ,sA=R,D for MR = 0
with several spin polarizations of the NM γ = x, y, z. It
is found that at γ = x, the Vg dependence of T x,sR is dis-
tinct at the kink eVg/EF = 1; for eVg/EF ≥ 1, the inner
and outer spin textures are pointing along the counter-
clockwise direction in the momentum space, whose spin
texture is caused by the RSOC and the two spin-split
bands; for eVg/EF ≤ 1, the inner and outer spin tex-
tures are pointing oppositely. The T x,s
R
is independent of
s(=↑, ↓) of the FSOM. On the other hand, the Vg depen-
dence of T x,s
D
depends on s: the T x,↑
D
clearly has the kink
at eVg/EF = 1, but the T x,↓D does not. Figure 3(b) indi-
cates the Vg dependence of the T y,sA=R,D for γ = y. Then, it
is noted that the T y,s
R
depends on s, but T y,s
D
is indepen-
dent of s. For γ = z, both T z,s
R
and T z,s
D
are equal and
independent of s. Moreover, it is found that for all γ,
the total transition probability Tγ,↑
R
+ Tγ,↓
R
in the RSOC
case, which is proportional to the charge conductance, is
equal to that in the DSOC. Then, it is independent of γ.
From these numerical results, it is found that the trans-
mission probability for any γ satisfies the following rela-
tion:
Tγ,↑
R
+ Tγ,↓
R
= Tγ,↑
D
+ Tγ,↓
D
. (4)
Furthermore, we note that the following relation between
3FIG. 3. (Color online) Vg dependence of the transmission
probability of the RSOC Tγ,s
R
(dashed lines) and that of the
DSOC Tγ,s
D
(bold lines) in the NM/FSOM junction with sev-
eral spin polarizations of the NM: (a) γ = x, (b) γ = y, and
(c) γ = z at MR/EF = 0. Red and blue lines correspond to
the up- and down-spin polarized electron injection case from
the NM into the FSOM, respectively. Black lines show the
total transmission probability. Here, we set Eα/EF = 0.55,
UkF/EF = 1.0, and α = β, where Eα = mα2/(2~2) is the
Rashba energy13,32,36–41.
Tγ,s
R
and Tγ,s
D
is satisfied for any Vg:
T x,↑(↓)
D
= T y,↑(↓)
R
,
T x,↑
R
= T x,↓
R
= T y,↑
D
= T y,↓
D
,
T z,↑
R
= T z,↓
R
= T z,↑
D
= T z,↓
D
.
(5)
Thus, there are some relations of the transmission prob-
abilities without the magnetization case (MR = 0).
Next, we consider Tγ,s
A
in the presence of MR , 0.
Figure 4 shows the Vg dependence of Tγ,sA for nonzero
MR . In particular, under the RSOC with nonzero MR,
there are two spin-split bands and three remarkable elec-
tric states, the so-called normal Rashba metal (NRM),
anomalous Rashba metal (ARM)15, and Rashba ring
metal (RRM)20. In the presence of DSOC with nonzero
MR , we can find three similar states. As a result, the
Vg dependence of the probability Tγ,sA has two kinks at
eVg/EF = 0.5 and 1.5, whose kinks indicate the boundary
between the states. For γ = y, the probability Tγ,s
R
for
MR , 0 depends on s as well as that for MR = 0. The
magnitude of the probability for up-spin T y,↑
R
is smaller
than that for the down-spin T y,↓
R
for any Vg. In other
words, under nonzero MR , the difference between the
probabilities Tγ,↑
R
− Tγ,↓
R
takes a negative value. On the
other hand, for γ = x, z, the probability Tγ,s
R
for MR , 0
depends on s and complicatedly depends on Vg, unlike
FIG. 4. (Color online) Vg dependence of Tγ,sA(=R,D) in the
NM/FSOM junction for MR/EF = 0.5. (a) γ = x, (b) γ = y,
and (c) γ = z at Eα/EF = 0.55, UkF/EF = 1.0, and α = β.
that for MR = 0. In γ = x, the difference between the
probabilities takes a positive value in the NRM and a
negative value in the ARM and RRM. In γ = z, the dif-
ference takes a positive value in the NRM and ARM but
it becomes a negative value in the RRM. Note that the
Vg dependence of the sign of the difference depends on
the parameters, and it does not completely correspond
to the three states.
We also numerically calculated Tγ,s
D
in MR , 0, as
shown in Fig. 4. As a result, we found the following
relation between Tγ,s
D
and Tγ,s
R
for any Vg:
T x,s
D
= T y,s
R
, T x,↑(↓)
R
= T y,↓(↑)
D
, T z,s
R
= T z,s
D
. (6)
Furthermore, the total transition probability is indepen-
dent of γ: Eq. (4) is satisfied even for nonzero MR .
C. Angle-resolved transmission probability
In order to show the SOC dependence of the probabil-
ity in more detail, we numerically calculated the angle-
resolved transmission probability T
γ,s
A(=R,D)(φ) defined in
Eq. (3). Figure 5 shows the φ dependence of Tγ,s
R
(φ) for
MR/EF = 0 and eVg/EF = 0, i.e., in the NRM. The angle-
resolved probability Tγ,s
R
(φ) complicatedly depends on φ.
However, T
γ,s
R
(φ) implies a symmetric to φ and s:
T
x,↑
R
(φ) = T x,↓
R
(−φ),
T
y,s
R
(φ) = T y,s
R
(−φ),
T
z,↑
R
(φ) = T z,↓
R
(−φ).
(7)
Thus, these relations are categorized by γ = x, y, z. We
also found the relation between T
γ,s
R
(φ) and Tγ,s
D
(φ). The
4FIG. 5. (Color online) φ dependence of T
γ,s
A(=R,D) in the
NM/FSOM junction for MR/EF = 0: (a) γ = x, (b) γ = y,
and (c) γ = z at Eα/EF = 0.55, UkF/EF = 1.0, eVg/EF = 0,
and α = β.
relations are given by
T
x(y),s
R
(φ) = T y(x),s
D
(φ), T z,↑(↓)
R
(φ) = T z,↓(↑)
D
(φ). (8)
Furthermore, it is found that in the NRM, the total prob-
ability for each angle is given by
T
γ,↑
R
(φ) + Tγ,↓
R
(φ) = Tγ,↑
D
(φ) + Tγ,↓
D
(φ). (9)
We also confirmed these relations even in the RRM.
The angle-resolved probability under nonzero MR is
shown in Fig. 6. The φ dependence of the angle-resolved
transmission probability is highly complicated. However,
we found that only in γ = y, the probability T
y,s
R
(φ) is
symmetric for φ → −φ:
T
y,s
R
(φ) = T y,s
R
(−φ), (10)
The probability of the RSOC and that of the DSOC un-
der MR , 0 satisfies the following relations:
T
x,s
D
(φ) = T y,s
R
(φ),
T
y,↓(↑)
D
(φ) = T x,↑(↓)
R
(−φ),
T
z,s
D
(φ) = T z,s
R
(−φ).
(11)
Thus, for nonzero MR , T
x,s
R
(φ) is equal to T y,s
D
(φ) by φ→
−φ and s = [↑ (↓)] → [↓ (↑)], and T z,s
R
(φ) is equal to
T
z,s
D
(φ) by only φ → −φ. It is noted that these relations
are also numerically confirmed even in the case of ARM
and RRM.
FIG. 6. (Color online) φ dependence of T
γ,s
A(=R,D) in the
NM/FSOM junction for MR/EF = 0.5: (a) γ = x, (b) γ = y,
and (c) γ = z. Here, we set Eα/EF = 0.55, UkF/EF = 1.0,
eVg/EF = 0, and α = β.
D. Transmission probability in an FM/FSOM
junction
In the previous subsection II B and II C, we show the
relation between Tγ,s
R
and Tγ,s
D
in the NM/FSOM junc-
tion. For MR , 0, the FSOM of the NM/FSOM junction
breaks a time-reversal symmetry. Next, we consider an
FM/FSOM junction without time-reversal symmetry in
the whole of the junction. We studied the probability in
the junction with the lower symmetry. The model of the
FM/FSOM junction can be described as
H = HLθ(−x) +Uδ(x) + HRθ(x), (12)
HL =
~
2k2
2mL
−ML · σ,
HR =
~
2k2
2mR
+ HSOC − MRσz + eVg,
where ML denotes the magnetization of the FM and
ML/ML corresponds to γ as defined in the previous sec-
tion. Then, the transition probability Tγ,s
A
is given by
Tγ,s
A
=
1
2pi
∫ pi
2
− pi
2
dφksF cos φ · Tγ,sA (φ), (13)
where k
s=↑(↓)
F
=
√
2m[EF + (−)ML]/~ is the momentum of
up- (down-) spin electron in the FM at the Fermi level.
Herein, we simply set mL = mR ≡ m.
Figure 7 shows the Vg dependence of Tγ,sA in ML , 0
and MR = 0. The Vg dependence of Tγ,sR as well as T
γ,s
D
is similar to that in Fig. 3. However, in contrast to Fig.
3, Tγ,s
R
and Tγ,s
D
also depends on s in all γ. Furthermore,
5FIG. 7. (Color online) Vg dependence of Tγ,sA(=R,D) in the
FM/FSOM junction for MR/EF = 0: (a) ML/EF = (0.5, 0, 0),
(b) ML/EF = (0, 0.5, 0), and (c) ML/EF = (0, 0, 0.5) corre-
spond to γ = x, γ = y, and γ = z, respectively. Here, we set
Eα/EF = 0.55, UkF/EF = 1.0, and α = β with kF =
√
2mEF/~.
for γ = z, the relation T z,s
R
= T z,s
D
, which is satisfied for
ML = 0, remains even in ML , 0. From these numerical
results, the summary of the relation among Tγ,s
R
(Tγ,s
D
),
s, and γ for any Vg is given by
T z,↑
R
= T z,↓
R
, T z,↑
D
= T z,↓
D
. (14)
In the FM/FSOM junction with MR = 0, we find
T x,s
D
= T y,s
R
, T z,s
D
= T z,s
R
. (15)
The total probability has a relation only for γ = z:
T z,↑
R
+ T z,↓
R
= T z,↑
D
+ T z,↓
D
. (16)
We also numerically calculated the probability for
ML , 0 and MR , 0, as shown in Fig. 8 (cf. Fig. 4). As
a result, we found that the transmission probability has
a unique Vg dependence: In γ = x, the Vg dependence
of Tγ,s
A
has a kink at eVg/EF = 0.5 and 1.5, whose prop-
erties are similar to those in Fig. 4. However, the Vg
dependence of the probability around the RRM in Fig.
8 monotonically decrease with increasing eVg/EF , unlike
that in Fig. 4. In particular, in the RSOC, the kink be-
tween NRM and ARM is clear but that between ARM
and RRM disappears near eVg/EF = 1.5. For γ = y, the
Vg dependence of Tγ,sA is similar to that in Fig. 4. For
γ = z, we found that Tγ,s
R
and Tγ,s
D
are equal. Then, Eq.
(16) is satisfied even for nonzero ML and MR only when
γ = z. However, in the FM/FSOM junction with MR , 0,
we cannot find the relation between Tγ,s
R
and Tγ,s
D
, unlike
in the case of an FM/FSOM junction with MR = 0.
FIG. 8. (Color online) Vg dependence of Tγ,sA(=R,D) in the
FM/FSOM junction for MR/EF = 0.5: (a) ML/EF =
(0.5, 0, 0), (b)ML/EF = (0, 0.5, 0), and (c) ML/EF = (0, 0, 0.5).
Here, we set Eα/EF = 0.55, UkF/EF = 1.0, and α = β.
In Figs. 7 and 8, we can find that the sign of the differ-
ence T x(y),↑
A
−T x(y),↓
A
is opposite to that in the NM/FSOM
junction (see Figs. 3 and 4). We can numerically confirm
that this is caused by a strong ML > 0. For small ML , the
sign of the difference is the same as that in Figs. 3 and
4. For sufficiently large ML > 0, the sign switches oppo-
sitely. However, the Vg dependence of each Tγ,sA in the
FM/FSOM junction is similar to that in the NM/FSOM
junction almost independently of the value of ML .
Thus, we numerically indicated that the charge con-
ductivity in the DSOC is the same as that in the RSOC
in the NM/FSOM junction and FM/FSOM junction with
γ = z. Besides, at α = β, the energy dispersion of the
DSOC is also the same as that of the RSOC, but the
spin texture of the DOSC is different from that of the
RSOC. These results implies that the charge conductiv-
ity of the FSOM junctions are independent of the spin
texture. This is main message in this paper, and it will
be also discussed by using the transformation in the next
section.
III. DISCUSSION
From the numerical calculations in the previous sec-
tion, we will discuss the charge and spin-dependent con-
ductance. In the previous sections, in order to clarify
whether the charge and spin conductance depends on the
spin texture of the SOCs, we calculated the transmission
probabilities at α = β, since the energy dispersion of the
FSOM is independent of the SOC type but the spin tex-
ture depends on the type, RSOC or DSOC (see Fig. 1),
6at α = β. We found that the charge conductance in the
RSOC is equal to that in the DSOC [see Eq. (4)], and
the charge conductance is independent of the spin tex-
tures as well as the magnetization MR in the NM/FSOM
junction. On the other hand, the spin-dependent con-
ductance Tγ,s
A
depends on the spin textures as well as
MR ; however there are some relations between Tγ,sR and
Tγ,s
D
.
The relation between Tγ,s
R
and Tγ,s
D
can be understood
by the following argument of the transformation. At
α = β, the spin texture of the RSOC is changed by
that of the DSOC via the spin transformation, σx → σy ,
σy → σx , and σz → −σz8,24 , which can be described as
R = i/
√
2(σx + σy). This spin transformation can corre-
spond to the relations between the spin-dependent con-
ductance. In MR = 0 in the NM/FSOM junction, Eq. (8)
implied T
y,s
R
→ T x,s
D
and T z,↑(↓)
R
→ T z,↓(↑)
D
as the spin trans-
formation R via σx → σy , σy → σx , and σz → −σz . In
MR , 0, The Tγ,sR and T
γ,s
D
have the relation as Eq. (11),
which indicates the transformation φ → −φ, σx → −σy ,
σy → σx , and σz → σz . The transformation can be
described by R and P. P is the spin and momentum
transformation as ky → −ky , σy → −σy , and σz → −σz .
Note that DSOC is even for this transformation P. Ap-
plying P after R, in MR , 0 case, the junction in the
RSOC corresponds to that in the DSOC with φ → −φ,
σx → −σy , σy → σx , and σz → σz ; it was shown in Eq.
(11). We show that the conductance is invariant under
the transformation R and P (see Appendix B).
In the FM/FSOM junction with MR = 0, the junc-
tion in the RSOC for γ = x and y are corresponded to
that in the DSOC for γ = y and x respectively by the
transformation R, as shown in T x,s
D
= T y,s
R
in Eq. (15).
However, for γ = x or y, since the FM/FSOM junction
in the RSOC does not equal that in the DSOC for same
γ, the charge conductance depended on SOC type and γ.
For γ = z, the junction in the RSOC corresponds to that
in the DSOC for γ = z by the transformations R and P
regardless of MR , as T z,sD = T z,sR in Eq. (15). Then, the
charge conductance is independent of the type of SOC
only for γ = z in the FM/FSOM junction.
Thus, we gain intuitively understand why the charge
conductance is independent of the type of the RSOC and
DSOC (or the spin texture of the SOCs) by using spin
rotation symmetry. These results could imply that the
charge conductance is independent of the spin texture
rather than depends on the magnitude of the SOC (α
and β).
IV. CONCLUSION
We have theoretically studied spin-dependent trans-
port in NM/FSOM and FM/FSOM junctions, where the
FSOM was applied by an electrical gate tuning the Fermi
level, and the FSOM had also RSOC or DSOC with out-
of-plane magnetization. We have shown the gate voltage
dependence of the transmission probability in the RSOC
and DSOC under the time-reversal symmetry or time-
reversal symmetry breaking system. As a result, in the
NM/FSOM junction, regardless of the value of MR , we
have found the relations between the transmission prob-
abilities in the RSOC and that in the DSOC, and the
charge conductance is independent of the SOC type. In
the FM/FSOM junction, the gate voltage dependence
of the probabilities is similar to that in the NM/FSOM
junction, as is the relation between the probabilities in
the RSOC and that in the DSOC only when MR = 0 or
the magnetization in the FM is along the out-of-plane
direction. However, the charge conductance depends on
the SOCs and the direction of the magnetization in the
FM, unlike that in the NM/FSOM junction.
In this paper, we compared two systems with the same
band structures and different spin textures; i.e., the sys-
tem in the RSOC and that in the DSOC. Then, several
relations between the transmission probabilities in the
RSOC and the DSOC were derived. In particular, it was
found that the charge conductance is independent of the
type of SOC in some cases. This fact shows that in some
cases, we can understand the character of the conduc-
tance without the SOC details, such as the spin texture.
We expect that this observation will be useful in future
studies of spintronics and those involving properties like
conductance as explored in our study.
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Appendix A: Derivation of the Transmission
Probability
In order to obtain the transmission probability of the
NM/FSOM junction under the low-temperature limit, we
consider the wave function at the Fermi level. The wave
function in NM, ψz,↑(↓)(x < 0, y), is decomposed into the
injected wave function ψz,↑(↓)
in
and the reflected one ψz,↑(↓)
ref
as
ψz,↑(↓)(x < 0, y) = ψz,↑(↓)
in
+ ψ
z,↑(↓)
ref
, (A1)
ψ
z,↑(↓)
in
= χ↑(↓)ei(kx x+kyy), (A2)
ψ
z,↑(↓)
ref
=
[
r
z,↑(↓)
↑ χ↑ + r
z,↑(↓)
↓ χ↓
]
e
i(−kx x+kyy), (A3)
7with χ↑ =
(
1
0
)
, χ↓ =
(
0
1
)
, kx = kF cos φ and ky = kF sin φ.
χ↑(↓), r
z,↑(↓)
↑ [r
z,↑(↓)
↓ ] is the eigenfunction in NM, the re-
flection coefficient of up [down] spin electrons with up
(down) spin injection. Here, we assume that injected
electrons are polarized along the z direction. The trans-
mitted wave function ψz,↑(↓)(x > 0, y) ≡ ψz,↑(↓)tra is shown
as20
ψ
z,↑(↓)
tra = t
z,↑(↓)
1
χ1(k1)eik1 ·r + tz,↑(↓)2 χ2(k2)eik2 ·r, (A4)
with
χ1(k) = θ(∆)χ+(k) + θ(−∆)χ−(k), ∆ ≡ E − eVg + Ec,
(A5)
χ2(k) = χ−(k), (A6)
χ+(k) =
(
g+(k)
1
)
, χ−(k) =
(
1
g−(k)
)
. (A7)
Here, tz,↑(↓)
1
[tz,↑(↓)
2
] denotes the transmission coefficient
with up (down) spin injection. χ± is the eigenfunction
for the eigenvalue in FSOM. k1 = (k1,x, ky) and k2 =
(k2,x, ky) are the momentum in FSOM, which are defined
for k21 ≤ k22 with k21(2) = k21(2),x + k2y . We set g± as follows:
g±(k) =

−αi (kx ∓ iky )
MR +
√
α2k2 + M2
R
(RSOC),
β
(±kx + iky )
MR +
√
β2k2 + M2
R
(DSOC).
(A8)
From the energy dispersion of FSOM, k2
1(2) is given by
k
2
1(2) =
2m
~2
[(EF − eVg) + 2ESOC
−(+)
√
4ESOC(EF − eVg) + 4E2SOC + M2R
]
.
(A9)
We define ESOC = mα
2/(2~2) or mβ2/(2~2) corresponding
to the SOCs. The signs of k1,x and k2,x are determined
so that the velocity vx takes a positive value, because the
electron is injected along the x direction. The velocity
operator vx = ∂H/(~∂kx) is given by Eq. (1) as3,24,32
vx =

~kx
m
+
α
~
θ(x)σy (RSOC),
~kx
m
+
β
~
θ(x)σx (DSOC).
(A10)
When k1,x (k2,x) becomes an imaginary number; its sign
is determined so that χ± → 0 in the limit of x → ∞.
The boundary condition at the interface13,15,27,32,42,43
is given as follows:
ψz,↑(↓)(+0, y) − ψz,↑(↓)(−0, y) = 0,
vx[ψz,↑(↓)(+0, y) − ψz,↑(↓)(−0, y)] = 2U
i~
ψz,↑(↓)(0, y).
(A11)
From this condition, we have a equation about the coef-
ficients as follow:
(
χ1 χ2 −χ↑ −χ↓(
vx − 2Ui~
)
χ1
(
vx − 2Ui~
)
χ2 −vx χ↑ −vx χ↓
) ©­­­­­«
t
z,↑(↓)
1
t
z,↑(↓)
2
r
z,↑(↓)
↑
r
z,↑(↓)
↓
ª®®®®®¬
=
(
χ↑(↓)
vx χ↑(↓)
)
. (A12)
Solving the coefficient from this equation, we obtain
the transmission probability at each angle T z,↑(↓)(φ)
as13,20,32,42
T
z,↑(↓)(φ) = Re
ψz,↑(↓)†tra vxψz,↑(↓)traψz,↑(↓)†
in
vxψ
z,↑(↓)
in
 = 1 −Re
ψz,↑(↓)†ref vxψz,↑(↓)refψz,↑(↓)†
in
vxψ
z,↑(↓)
in

= 1 −
(
|rz,↑(↓)↑ |
2
+ |rz,↑(↓)↓ |
2
)
. (A13)
Using the Landauer formula, we describe an electric cur-
rent between two leads, I, as follows13,20,32,38:
I =
e2V L
4pi2~
∫
pi/2
−pi/2
dφ cos φ · kF [T z,↑(φ) + T z,↓(φ)]. (A14)
The first term in Eq. (A14) is proportional to T z,↑, and
the second term is T z,↓. Thus, Tγ,↑+Tγ,↓ is proportional
to the conductance, because the conductance is propor-
tional to the current at the low-temperature limit.
Appendix B: Spin-dependent Conductance under
the Unitary Transformation
In this appendix, we will show that the conductance
are invariant under an unitary transformation U, which
is assumed kx
U→ kx and ∂U/∂kx = 0. Applying U, the
Hamiltonian of the junction [in Eqs. (1) and (12)] and
the eigenfunctions in the each side are changed as H →
H´ = UHU† and χ↑(↓,1,2) → χ´↑(↓,1,2) = U χ↑(↓,1,2). Then,
the velocity operator in H´ becomes
v´x = UvxU
†. (B1)
From the boundary condition in Eq. (A11) under U, the
transmission and reflection coefficients, t´z,↑(↓)
1[2] and r´
z,↑(↓)
↑[↓]
are given by:(
U 0
0 U
) (
χ1 χ2 −χ↑ −χ↓(
vx − 2Ui~
)
χ1
(
vx − 2Ui~
)
χ2 −vx χ↑ −vx χ↓
)
·
©­­­­­«
t´
z,↑(↓)
1
t´
z,↑(↓)
2
r´
z,↑(↓)
↑
r´
z,↑(↓)
↓
ª®®®®®¬
=
(
U 0
0 U
) (
χ↑(↓)
vx χ↑(↓)
)
. (B2)
Note that U is a 2 × 2 matrix and χ↑(↓,1,2) are two com-
ponent vectors. Here, we notice that Eq. (B2) is the
8same as Eq. (A12), i.e., t´z,↑(↓)
1[2] = t
z,↑(↓)
1[2] and r´
z,↑(↓)
↑[↓] = r
z,↑(↓)
↑[↓] .
Then, we obtain ψ´z,↑(↓)
in[ref,tra] = Uψ
z,↑(↓)
in[ref,tra], where ψ´
z,↑(↓)
in[ref,tra]
is the wave function after the transformation. As a result,
we find that the transmission probabilities are invariant
about the transformation U:
Re
ψz,↑(↓)†tra vxψz,↑(↓)traψz,↑(↓)†
in
vxψ
z,↑(↓)
in
 = Re
 ψ´z,↑(↓)†tra UvxU†ψ´z,↑(↓)traψ´z,↑(↓)†
in
UvxU
†ψ´z,↑(↓)
in

= Re
 ψ´z,↑(↓)†tra v´xψ´z,↑(↓)traψ´z,↑(↓)†
in
v´xψ´
z,↑(↓)
in
 . (B3)
Note that transformations R and P are satisfied the as-
sumption of U.
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